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Abstract
The formation of the 
0



















measured by the L3 detector at a centre-of-mass energy of 91 GeV. The radiative
width of the 
0
has been found to be  

= 4:17  0:10 (stat.)  0:27 (sys.) keV.
The Q
2
dependence of the 
0







electromagnetic transition form factor has been determined. The
form factor can be parametrised by a pole form with  = 0:900  0:046 (stat.) 
0:022 (sys.) GeV. It is also consistent with recent non-perturbative QCD calcula-
tions.
Submitted to Phys. Lett.






















! X. An important measurement is the two-photon
coupling to a C = +1 resonance R. Here we report on a study of the formation of the 
0
(958) in
























, using data collected with
the L3 detector at LEP at centre-of-mass energies
p
s ' 91 GeV. This measurement has been




colliders [1, 2] by using various 
0
decay channels.




, are often so small that
the electrons go undetected along the beam direction. The photon with highest virtuality




. If one of the electrons is detected, the event is said to be tagged.
The strength of the coupling of a meson to two photons,  

, and the Q
2
dependence of the
formation cross section give information on the quark content and on the quark dynamics of
































is the dierential luminosity function giving the ux of virtual photons and 
i
(i =
1; :::; 5) are the variables describing the scattered electron and positron. The Q
2
dependence of




















































] takes into account the matrix element for the coupling of the





































The parameter  is related to the size of the meson [3] and must be described by any model of
qq binding. Combining Eqs. 1-3 leads to a proportionality relation between the measured cross





The decay rate of 
0



























requires that in the  rest frame
the decay amplitude is:
































is the angle between the 
+
and the photon direction. Recently it has been claimed [4{
6] that a pure  Breit-Wigner term is not sucient to describe the data. A non-resonant
1)
We follow the form factor denition of Ref. [2,3]. A factor 1=(4)
2
would be added to follow the denition
of Ref. [17{19]
2






 decay, associated with a possible contribution of the box




















where  is the relative amplitude with phase angle . For the  mass dependent width  

, the






























= 151:2 MeV is the nominal width of the  [8].













) are generated according to the luminosity function of Budnev et al. [10].
The Breit-Wigner shape, the form factor and the decay of the system R are then implemented





) which is set nominally to 1 keV. The Monte Carlo events were simulated in the
L3 detector using the GEANT [11] and GEISHA [12] programs and passed through the same
reconstruction program as the data.
2 Data analysis
2.1 Event selection
The L3 detector [13] has the capability to measure charged particles and photons of low mo-
mentum. A trigger, which requires at least two charged particles, each with p
t
> 150 MeV,
back-to-back in the transverse plane within 41

, has a high eciency for two-photon collision
events. For tagged events the trigger demands at least 30 GeV deposited in the small angle
electromagnetic calorimeter (0:9976  j cos j  0:9997), in coincidence with at least one track













 events are selected by requiring:
 Two oppositely charged tracks. A track is accepted if it has at least 20 hits out of a
maximum of 62 in the central detector (j cos j  0:9) and if its transverse momentum
p
t





















must be greater than 0.001 GeV
2
, as illustrated in Fig. 1a.
 One photon only. A cluster in the BGO electromagnetic calorimeter is identied as a
photon if it has an energy greater than 140 MeV and it is separated by an angle greater
than 10

from both tracks. The angular coverage of the electromagnetic calorimeter is
j cos j  0:71 (barrel) and 0:82  j cos j  0:97 (endcap).
 The angle of the 
+
in the  helicity frame must be such that j cos 

1
j < 0:94, as illustrated





The events are classied into three Groups:
3









) where the electron goes unde-
tected and the Q
2




Group III: The singly tagged events where one electron is detected in the small angle electro-




) with energy greater than 35 GeV.






































 mass spectrum is shown in
Fig. 2. A total of 6767 events are selected, where 2786 are in the 
0





1.05 GeV). The 
0
mass, obtained by a Gaussian t, is 958 1 MeV with  = 24 1 MeV. The





 mass resolution as estimated by the Monte Carlo. The enhancement around
1250 MeV is due to the tensor meson, a
2

















. If one of the two photons is undetected, these events can pass the
selection cuts. The a
2
events were simulated according to the parameter values and the helicity
amplitudes measured by us and reported in Ref. [14]. The reconstruction eciency for a photon
is 97.7% independent of its energy (0:14  E

< 1 GeV). The trigger eciency for Group-I

0
events is 48  1%. In Fig. 3 the angular distribution of the 
+
in the  helicity frame is
presented for the events in the 
0
region. It shows the characteristic distribution of Eq. 5.




) is determined by tting the mass spectrum of Fig. 2




, and a third order polynomial for
the background. The t minimises a 
2



































)  BR (in keV units) and the coecients of
the polynomial background, B
i
. The product of the 
0






) BR = 1:26 0:03 (stat.) 0:06 (sys.) keV 
2
=dof = 131=121 (C:L: = 25%) :
The t results are superimposed on the data in Fig. 2. The 
0
peak contains 2123 53 events.




)  BR measurement is 5%. The main uncertainties









2% for the trigger eciency and 1% for the background subtraction. Using BR = 0:302 





) = 4:17 0:10 (stat.) 0:27 (sys.) keV
where the systematic error includes the error on the branching ratio. This result has smaller
statistical and systematic errors than any previous experiment [1,2]. It is comparable in preci-
sion to the world average value (4.34  0.25 keV) [8]. It is worth noting that recent relativistic
4
quark models [15], which successfully predict the two-photon coupling of tensor mesons, fail
to reproduce the value of the two-photon widths of pseudoscalar states. In the best case, the
prediction is typically a factor of two below the measurement.
The good resolution of the detector and the high statistics allow an accurate study of the
 meson line shape in the 
0





shown. The  line shape, given by Eqs. 6 and 7 with  = 0, has been studied by generating
several Monte Carlo samples with dierent masses and widths. By comparing the data to the








= 766 2 MeV  

= 150 5 MeV:
These results agree with the world average, m

= 768:5 0:6 MeV and  

= 150:7 1:2 MeV





as in Eq. 6 has been tested by varying the  and  parameters. The best agreement with the
data is for  = 0. The values obtained by previous analyses,  = 2:78 and  =  1:07 [4] and
 ' 0:4 and  = 3:14 [5, 6], are disfavoured with a 
2
of 68 (C.L. 10
 4
) and 49 (C:L: = 3%)




In this paper, we use a new technique to determine the Q
2
value of the untagged events.











resolution (Fig. 5). For the events of Group-II, the data are subdivided into three Q
2
intervals
(Figs. 6a-c). In this Group, the background is higher because there is no ecient cut to remove
events with additional undetected particles. However, the narrow 
0
signal is still clearly seen
above the background. The numbers of 
0
events are obtained by tting each distribution
to a gaussian for the 
0
signal, superimposed on a polynomial background. The results are
summarised in Table 1.




 mass spectrum is shown in Fig. 6d. A clear

0
signal is observed over a low background. These tagged events are subdivided into two Q
2
intervals (Table 1).





L  "  BR
(9)
where N is the measured number of 
0





" is the product of the detector acceptance and eciency. The total integrated luminosity is
129 pb
 1
for untagged events and 100 pb
 1
for tagged events. The measured cross sections
and the average Q
2
are also listed in Table 1. The average Q
2
values quoted take into account
the Q
2
dependence of the spectrum within each interval. The systematic uncertainty on the
selection eciency is the same in all groups. The additional uncertainty from the background
subtraction varies from 3% to 9% for the dierent Q
2
intervals.
The decrease of the cross section as a function of Q
2
is due to the two-photon luminosity
function, the matrix element
p
X and the resonance form factor. The eects of the luminosity
function and of the matrix element are removed by generating events with a at form factor
(F (Q
2
)=F (0) = 1). The 
0
transition form factor is then given by the ratio between the data




of the second photon. This eect is studied by generating events with dierent
input  values (0:77   1:01 GeV) in Eq. 3. The corrected results are given in Table 1 and in
Fig. 7. The eect of collinear initial state radiation on the form factor is found to be negligible;
it is less than 1% for Group-II untagged events and 3% for Group-III tagged events. The ve
high Q
2
points are tted with the form factor parametrisation given in Eq. 3. In addition, the
value at Q
2
= 0 is xed to our measured value of  

 BR. The value of the parameter 
obtained by the t is:
 = 0:900 0:046 (stat.) 0:022 (sys.) GeV 
2
=dof = 0:7=4 (C:L: = 95%) :
The t result is shown in Fig. 7a. The systematic error is due to the point-to-point systematic
error of each cross section point (1.6%) and to the uncertainty of the two-photon width (1.9%).
The value of  would be 11% lower if the virtuality of the second photon were to be neglected.
The eect of collinear initial state radiation on the tted value of  is smaller than 1%. The






. From our data we obtain
hr
2
i = 0:286 0:032 fm
2
. Our measurement compares well with previous published results [2].
For the pseudoscalar mesons 
0
,  and 
0
, there exist several models which describe the
transition form factor. The Vector Dominance Model (VDM) relates  to the masses of the
vector mesons ; ! and . Its prediction,  = 0:83 GeV [3], for a weighted average of the vector
meson contributions, is shown in Fig. 7b as the dashed line. It is consistent with our data.
Recently QCD models have been developed to describe the 
0
form factor [16{19]. To
provide predictions for the 
0
form factor, the mixing of the singlet and octet components
of the avour SU(3) pseudoscalar nonet must be taken into account. In the chiral limit of




= 0 is xed by the






= 0 and large Q
2
, the QCD model of Brodsky
and Lepage [17], expresses the form factor in terms of the asymptotic wave function of the































Here x is the momentum fraction of the quark inside the pion. Brodsky and Lepage interpolate
between the Q
2
= 0 and Q
2




= 0:8  2f

= 0:66 GeV [3, 17]. This prediction is also shown in Fig. 7b. In their hard
scattering approach, R. Jacob, P. Kroll and M. Raulfs [18] consider also the transverse degree
of freedom for the qq wave function and include resummed gluonic corrections in a Sudakov
factor. Their calculation reproduces our high Q
2
data better than the original Brodsky - Lepage
model (Fig. 7b).
In order to cover the low and moderately high Q
2
region of the photon-meson transition
form factor, V.V. Anisovich, D.I. Melikhov and V.A. Nikonov [19] introduce a qq distribution
function at the qq vertex similar to the pion distribution function describing the qq vertex;
i.e. the photon is treated much like a vector meson. At large Q
2
the photon wave function
contains the point-like qq coupling and the O(
s
) one gluon exchange diagrams. They also
explore the possibility that the  and the 
0
contain an extra glueball component [20]. Their
predictions are given in Fig. 7a for a variable admixture of gluonium content. Our measurement
favours a low gluonium content. More precise calculations and more luminosity are needed to
draw rmer conclusions.
2)
One may note that with the denition of f






















 events has been collected with the L3
detector at LEP energies around 91 GeV. The channel is dominated by the decay 
0
! . We
nd no positive evidence for a box anomaly contribution in this decay mode. From the quasi-






) = 4:170:10 (stat.)0:27 (sys.) keV
is measured. This value is the most precise obtained in a single experiment. It is consistent
with the world average value and is comparable in precision.
The 
0





to the data with a pole parametrisation gives a value  = 0:9000:046 (stat.)0:022 (sys.) GeV,
which corresponds to an interaction size hr
2
i = 0:286  0:032 fm
2
. The pole form is a good
representation of the data. The Vector Dominance Model and recent non-perturbative QCD
calculations are also consistent with the data.
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) (%) (pb) (keV)
I 0:0 { 0:01 0.0 2123  53 2.8 1924  48  19 4:17  0:10  0:04
0:01 { 0:15 0.06 726  47 3.7 510  33  15 3:51  0:23  0:11
II 0:15 { 0:30 0.23 123  18 2.9 109  16  4 2:78  0:41  0:11
0:30 { 0:90 0.53 58  11 1.7 88  17  5 1:50  0:29  0:09
III 1:50 { 2:50 1.90 17  5 5.3 10:4  3:3  0:9 0:38  0:12  0:03
2:50 { 10:0 4.14 19  6 10.3 6:1  1:8  0:5 0:11  0:03  0:01
Table 1: Number of 
0










) as a function of Q
2
. The
total acceptance and eciency " are given. In the last column the electromagnetic transition
form factor, corrected for the virtuality of the second photon, is calculated for each hQ
2
i. The
rst error is statistical and the second is point-to-point systematic. In addition, there is an







 and 4.9% from the selection cuts).
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spectrum and b) j cos 

1





events. All cuts are applied except those indicated in the plots. Events excluded by the cuts





























histogram is the result of the t described in the text. The shaded area is the a
2
contribution




















Figure 3: Background subtracted and eciency corrected angular distribution of the 
+
in the


























eective mass distribution. The histogram is the prediction
of the Monte Carlo which best ts the data (m

= 766 MeV,  

= 150 MeV and  = 0). The
shaded area is the estimated background from a
2
and other inclusive processes simulated by








































































 mass spectrum for events with high Q
2
, separated in four
Q
2


















































2 ] b) L3










s= 91 GeV. The errors shown are
statistical and systematic added in quadrature. The solid line is the result of the pole t to the
data points described in the text. The predictions of Ref. [20] are indicated as a shaded area,
ranging from no gluonium content (upper line) to 15% of gluonium content (lower line). b) The




), normalised to F (Q
2
= 0). The data are compared to QCD
calculations [18] (continuous line), to VMD predictions [3] (dashed line) and to Ref. [17] (dotted)
line.
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